Introduction
Clothing is essential for survival in the cold climate. The ideal clothing should keep the wearer warm while allow the perspiration or sweat from the wearer to transmit freely through the clothing layers, since the perspiration or sweat accumulated in garments may result in cold stress.
In order to better design clothing for cold climate, it is important to understand the water vapor transport in multi-layered textile assembles under such conditions. Gibson [1, 2] designed a dynamic moisture permeation cell that permits the experiment to carry out under the subzero climatic condition. Some reports only focused on allowing the temperature-dependent effects to be separated from concentration-dependent effects on mass transfer phenomena. Only a little research work was carried out under the subzero climatic condition. Osczevski [3] simulated the subzero condition by having one face of a fabric sample in direct contact with ice. He found that the water vapor resistance of hydrophilic film increases with the reduction in ambient temperature. Fan et al. [4] reported on an experimental investigation of condensation and water content distribution within the porous fibrous battings tested on a sweating-guarded hot plate after 24h under a condition of subzero climate. Greater amount of condensation in ice form was found next to the outer covering fabric. Rossi [5] analysed water vapour transfer and moisture accumulation in the layers of different four-layer combinations at several moderately cold temperatures with a sweating arm. Climatic condition in the chamber was only controlled above 0℃.
Clearly, only a little research work was carried out under a condition of subzero climate. The understanding of water vapor transmission through fabrics under the subzero climatic condition is very much limited. In this paper, water vapor transport in multi-layered fabric under the subzero (-20℃) climatic condition is measured on a novel apparatus.
Experimental

Equipment
A schematic diagram of the novel device is shown in Fig.1 . The device consists of a water bath, a diffusion column, a small climatic chamber, two semiconductor
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( refrigerators and a small fan. It is covered with a 5 cmthick insulation made of polyurethane (PU) foam. The water bath and the diffusion column are cylindrical with an inner diameter of 6 cm. The small climatic chamber is made of stainless steel, with a wall thickness of 5 mm, an inside diameter of 120mm and a length of 145mm. The temperature of the small climatic chamber can be reduced down to −40℃ by semiconductor refrigerators mounted at the outer wall of the chamber. The other semiconductor refrigerators mounted at the inner wall of the small climatic chamber are used to control the humidity of this chamber. The fan installed on the casing above the small chamber is used to circulate air when necessary. The water bath is heated using copper coils and the temperature of the water in the bath is controlled to be 32 ℃, simulating the skin temperature of a human body.
Fabric specimens are mounted between the four 10 mm-thick nylon frames within the diffusion column during testing, as shown in Fig.2 . Temperature (Pt-100) and humidity (HIH-3610) sensors are mounted in the middle of each nylon frame. Therefore the distance between the sensors is 10 mm when no fabric specimens are mounted between the frames. The measuring range of the temperature sensors is from −50℃ to 50℃, and the measuring range of the relative humidity sensors is from 0 to 100% in the temperature range of −40℃~85℃ in operating. The sensors are connected to a computer through an A/D converter for data acquisition.
Experimental procedure
The tests were performed according to the following procedure :
(1) Measure and record the weights of each fabric sample and then place the samples on the diffusion column.
(2) Place the diffusion column on the water bath in the small climatic chamber.
(3) Turn on both refrigerators and set the temperature controller to a desired level.
(4) Turn on the fan. (5) After the temperature and relative humidity of the small climate chamber is stabilized to be chosen values, pump 40g warm water into the water bath. The temperature of water is then controlled to be 32℃ with the heating unit.
(6) At suitable time intervals (usually 20s), the computer records the temperature and relative humidity of each sensor.
(7) After a fixed time interval, take out the fabric samples. Weigh each fabric sample and the water in the bath immediately.
(8) Calculate the evaporation from the water bath, the condensation included moisture absorption on the fabric surface and the vapor transmission through the fabric using the following equations :
where $ is the evaporation from the water bath, &! the weight of remaining water in the bath after testing, #! the weight of the fabric sample after testing, #" the weight of the fabric sample before testing, % the vapor transmission through the fabric. (9) Calculate the mean temperature and relative humidity after stabilization.
The temperature and humidity sensors can therefore register the changes of the temperature and humidity above and under each fabric specimen, respectively.
Samples
The combination consisted of three layers of underwear, middle layer and outer layer, as shown in Table 1 . Two kinds of underwear were a knitted polyester (Footnote) E : the evaporation from the water bath, 0 C : the condensation on the simulated body skin, skin E : the vapor transmission through the simulated body skin, fabric and a knitted cotton fabric. Waterproof breathable fabrics were used as the outer layer. The polyester fleece was between the underwear and the outer layer. For example, a combination of U1MO1 means that the knitted polyester fabric was used as the underwear, the polytetrafluoroethylene (PTFE) laminated with a polyester fabric was used as the outer layer, and the polyester fleece was the middle layer.
In addition, a PTFE membrane laminated with a polyester fabric was used as the simulated body skin. We assessed its water vapor permeability with the dish method under the isothermal condition using ASTM E96-00 [6] . The result is expressed as the water vapor transmission rate of 1730g/m 2 /24h at the testing temperature of 32℃.
Results and discussion
Measured result involved the total amount of evaporation from the water bath, condensation on each fabric and vapor transmission through each fabric as well as the relative humidity values and temperatures above and under each test specimen. All tests were carried out at -20℃ for 4h. The listed values in Table 2 are the average values of at least three repeated measurements.
As can be seen, the condensation is prone to occur on the underwear and middle layer while almost no condensation appears on the outer layer. Condensation on the underwear and middle layer is influenced by the moisture transmission of the underwear. The knitted polyester fabric has good transmission of moisture, and condensation occurring on the underwear is lower than that on the middle. The condensation on the knitted polyester fabric is 0.17g while that on the middle layer is 0.20g, when the PTFE membrane laminated with a polyester fabric is the outer layer. The condensation on the knitted polyester fabric is 0.23g while that on the middle layer is 0.28g, when the PU membrane coated with a polyester fabric is the outer layer. To the contrary, the condensation on the knitted cotton fabric is 0.28g while that on the middle layer is 0.18g, when the PTFE membrane laminated with a polyester fabric is used as the outer layer. The condensation on the knitted cotton fabric is 0.34g while that on the middle layer is 0.19g, when the PU membrane coated with a polyester fabric is used as the outer layer.
It can be also seen that what has great facility in the vapor transmission through the combination when the knitted cotton fabric is part of the combination. Cotton absorbs water more easily than polyester. When the PTFE membrane laminated with a polyester fabric is used as the outer layer, the vapor transmissions through the underwear of the knitted cotton fabric, middle layer and outer layer are 3.31g, 3.13g and 3.13g, respectively. They are larger than the vapor transmissions through the underwear of the knitted polyester fabric, middle layer and outer layer which are 2.73g, 2.53g and 2.52g, respectively. When the PU membrane coated with a polyester fabric is used as the outer layer, then the vapor transmissions through the underwear of the knitted cotton fabric, middle layer and outer layer are 1.68g, 1.49g and 1.45g, respectively. They are also larger than the vapor transmissions through the underwear of the knitted polyester fabric, middle layer and outer layer which are 1.27g, 0.99g and 0.97g, respectively. It is interesting that less condensation occurred on the underwear and middle layer, while more vapor was transported through the combination when the outer layer had good water vapor transmission. We measured the water vapor transmission of the PTFE membrane laminated with a polyester fabric and the PU membrane coated with a polyester fabric with a dish method under the isothermal condition using ASTM E96-00 [6] . The result is expressed as a water vapor transmission rate of 1761g/m 2 /24h and 1229g/m 2 /24h at the testing temperature of 38℃. When the PTFE membrane laminated with a polyester fabric is used as the outer layer, the total condensation on the knitted polyester fabric and the middle layer and the vapor transmission through the combination are respectively 0.37g and 2.52g, and the total condensation on the knitted cotton fabric and the middle layer and the vapor transmission through the combination are respectively 0.46g and 3.13g. While the PU membrane coated with a polyester fabric is used as the outer layer, the total condensation on the knitted polyester fabric and the middle layer and the vapor transmission through the combination are respectively 0.51g and 0.97g, and the total condensation on the knitted cotton fabric and the middle layer and the vapor transmission through the combination are respectively 0.53g and 1.45g. We assessed above results by the water vapor resistance of the fabric calculated using the following formula :
where + is the water vapor resistance in m 2 Pa s/kg, $ where , is the temperature in ℃ and +& the relative humidity in %. The temperature and relative humidity values are listed in Table 3 .
The water vapor resistance is listed in Table 4 .
where +*&"#( is the water vapor resistance of the underwear, +%$" the water vapor resistance of the middle layer, and +'*) the water vapor resistance of the outer layer.
The total water vapor resistance of the combination is as follow :
where ∆-is the vapor pressure difference between the both sides of the combination as to -1 and -4, see Table 3 , and "'!"'!#". Apparently, each fabric affects the total water vapor resistance. For example, when the outer layer has good water vapor transmission, the more vapor transport through the combination, the less total water vapor resistance. When the knitted polyester fabric is used as the underwear, the total water vapor resistance (2.74×
